INTRODUCTION
Excitatory afferent recruitment of perisomatic inhibition by PVFSIs dictates synaptic integration properties of downstream excitatory PCs (Pouille and Scanziani, 2001; Gabernet et al., 2005) . Such feedforward inhibition provides temporal constraints upon excitation-spike coupling that allow for coordination of firing rates in PC assemblies (Bartos et al., 2007; Klausberger and Somogyi, 2008) . Indeed, depression of AMPA and/ or NMDA receptors (AMPAR/NMDAR) selectively within PVFSIs disrupts their recruitment, yielding deficits in PC entrainment that may underlie cognitive deficits associated with psychiatric disorders such as schizophrenia, and predispose circuits to inhibition/excitation (I/E) imbalances that promote epilepsy or Alzheimer's disease (Fuchs et al., 2007; Belforte et al., 2010; Korotkova et al., 2010; Caputi et al., 2012; Maheshwari et al., 2013) . However, relative to PCs, little is known regarding establishment and regulation of excitatory synapses onto PVFSIs. Recently, we found that the immediate early gene product neuronal pentraxin 2 (NPTX2; or NARP) regulates synaptic drive selectively onto PVFSIs by promoting activity-dependent accumulation of GluA4-containing AMPARs (Chang et al., 2010) . This regulation by NPTX2 critically dictates PVFSI recruitment to maintain circuit I/E balance following perturbations to network activity. The importance of such homeostatic control of PVFSI synaptic integration is highlighted by findings that NPTX2 À/À mice display increased sensitivity to kindling-induced epilepsy and fail to exhibit ocular dominance plasticity (Chang et al., 2010; Gu et al., 2013) . Studies revealing a role for NPTX2 in controlling excitatory drive on hippocampal PVFSIs were complicated by the requirement to pretreat mice with stimuli that induce NPTX2 (Chang et al., 2010) . In prior studies, this was accomplished by administering maximal electroconvulsive seizures (MECS) 12-18 hr prior to analysis. We sought to avoid the need for MECS, since it will induce other factors that could also contribute to changes in excitability. NPTX2 belongs to the neuronal pentraxin family that also includes the neuronal pentraxin 1 (NPTX1) and neuronal pentraxin receptor/3 (NPTXR/3). All three NPTXs are expressed in adult brain and form disulfide-linked mixed assemblies that bind AMPARs (Xu et al., 2003; Sia et al., 2007) . Only NPTX2 is induced by activity (Tsui et al., 1996; Xu et al., 2003) . NPTXR is unique in possessing a transmembrane domain and can function to anchor NPTX complexes to plasma membranes. Based on their known cofunctionality, we examined NPTX2 À/À / NPTXR À/À mice and found they exhibit basal deficits in PVFSI AMPAR function. Accordingly, NPTX2
À/À /NPTXR À/À mice provide a unique opportunity to assess the impact of NPTXs on synapse development, as well as cellular and circuit function, without a requirement for perturbed activity. We report that combined loss of NPTX2 and NPTXR markedly reduces GluA4 expression leading to reduced PVFSI AMPAR function and feedforward inhibition. The resulting I/E imbalance in NPTX2 À/À / NPTXR À/À mice disrupts hippocampal rhythmogenesis, promotes epileptic activity, and impairs hippocampal-dependent working memory.
RESULTS AND DISCUSSION
In the mature hippocampus, GluA4-containing AMPARs play an important role at excitatory synapses on PVFSIs due to their fast kinetics and high conductance, which promote efficient synaptic recruitment (Geiger et al., 1995 (Geiger et al., , 1997 Fuchs et al., 2007) . This specialized role is highlighted by the limited expression of GluA4 within the mature hippocampus being excluded from PCs and segregated to a sparse population of large cells concentrated around stratum pyramidale of the CA1-CA3 regions and at the hilar-granule cell layer border in the dentate gyrus, consistent with PVFSI localization ( Figure 1A ). However, early developmental progression of GluA4 in PVFSIs remains largely unknown due to late PV onset (Seto-Ohshima et al., 1990) . To address this, we employed Nkx2-1-cre:RCE GFP or Nkx2-1-cre:tdTOM RFP mice that report the majority of medial ganglionic eminence (MGE)-derived interneurons, including PVFSIs (Tricoire et al., 2010) . Immunohistochemical (IHC) analyses revealed the emergence of GluA4+/GFP+ (or RFP+, together considered XFP+) cells at postnatal day 5 (P5), then increasing roughly 10-fold by P14, and leveling off through P40 (Figures 1B and 1C) . This contrasts with findings that GluA4 in hippocampal homogenates is high at P1 and then decreases, becoming undetectable by P18 (Zhu et al., 2000) , highlighting the importance of cell-type-specific evaluation for minority cell populations within a circuit. However, our findings are consistent with progressive upregulation of GluA4 mRNA within putative PVFSIs over the first 2 postnatal weeks (Okaty et al., 2009 ). Thus, GluA4 can be grouped together with a number of hallmark proteins expressed by mature PVFSIs such as PV itself, Kv3 channels, synaptotagmin 2, Nav1.1 sodium channels, and (B) Low-magnification (103) and digitally zoomed panels reveal expression of GFP and GluA4 in representative sections from Nkx2-1-cre:RCE mice at the indicated ages (scale bars, 100 and 50 mm for low-and high-magnification images, respectively).
(C) Group data summarizing the developmental expression of GluA4/XFP double-positive cells as percentages of the XFP+ population (solid line, left axis) and GluA4+ population (dashed line, right axis). Mice/sections counted: 2/6, P2; 3/9, P5; 4/10, P10, P14, P21, and P40. two-pore domain potassium leak channels (TWIK1 and TASK1/ 3) that are coordinately upregulated during the first few postnatal weeks and function in a concerted fashion to differentiate immature interneurons fated to become PVFSIs into fast perisomatic targeting inhibitory devices (Du et al., 1996; Doischer et al., 2008; Okaty et al., 2009; Goldberg et al., 2011) . The developmental increase in GluA4 temporally coincides with upregulation of the AMPAR-interacting partners NPTX2 and NPTXR (Cho et al., 2008) . Based on their known cofunctionality, we examined the necessity of these NPTXs for normal PVFSI function by probing GluA4 expression in P21-30 mice lacking NPTX2 and NPTXR (NPTX2 À/À /NPTXR À/À ). Surprisingly, specific somatic GluA4 signal was absent throughout the hippocampus of NPTX2 (Figures 2A-2C ). This loss was particularly striking for PV+ cells, which comprised the vast majority of GluA4+ cells in wild-type tissue (Figures 2B and 2C S1A ). These observations are consistent with our prior findings of continued GluA4 expression in NPTX2 À/À PVFSIs (Chang et al., 2010) and further indicate that NPTX2 and NPTXR compensate for each other to some degree in regulating PVFSI GluA4. Indeed, presynaptically derived NPTX2 and NPTXR have both individually been implicated in AMPAR clustering (Sia et al., 2007; Chang et al., 2010) . As loss of NPTX2 or NPTXR alone does not lead to compensatory increases of other pentraxins (Bjartmar et al., 2006) /NPTXR À/À mice was evident in cerebellum (Figures S1B and S1C), suggesting a conserved role for pentraxins in regulating GluA4 expression throughout the nervous system. Maturation and circuit integration of PVFSIs has been linked to the formation of perineuronal nets (PNNs) that accumulate preferentially around these cells and control critical period plasticity during network development (Pizzorusso et al., 2002; Gogolla et al., 2009) . Interestingly, PNN formation surrounding PVFSIs proceeds with a developmental profile that directly parallels GluA4 expression within PVFSIs ( Figures 3A and 3B) . Moreover, PNNs are implicated in NPTX2-mediated GluA4 clustering in mature PVFSIs as a homeostatic response to elevated circuit activity (Chang et al., 2010 Figures 3C and 3D ). In addition to PNNs, the AMPAR accessory protein stargazin/TARPg2 is enriched in PVFSIs and has been implicated in regulating PVFSI AMPAR content (Tomita et al., 2003; Maheshwari et al., 2013; Tao et al., 2013) . Consistent with these reports, immunoprecipitation of GluA4 from hippocampal synaptic plasma membranes coprecipitates stargazin in wild-type mice ( Figure 3E ), raising the possibility that the loss of GluA4 in NPTX2 À/À /NPTXR À/À mice occurs secondarily to loss of stargazin. Indeed, in stargazin mutant mice GluA4 is reportedly reduced at parallel fiber-interneuron synapses of the cerebellum and selectively lost in nucleus reticularis of the thalamus (RTN) (Barad et al., 2012) . However, biochemical analyses revealed continued expression of stargazin in the hippocampus of NPTX2 À/À /NPTXR À/À mice with preferential partitioning into the SPM fraction similar to wild-type mice ( Figure 3F ). Moreover, an antibody that recognizes stargazin (and TARPg8) continues to label NPTX2 À/À /NPTXR À/À PV+ cells ( Figure 3G ), and GluA4 remains present in stargazin À/À mice ( Figure S1D ). The continued expression of GluA4 in PVFSIs of stargazin À/À mice conflicts with findings at corticothalamic inputs to RTN and may reflect compensation in hippocampal PVFSIs by TARPg8 which also coprecipitated with hippocampal GluA4 (data not shown). Nonetheless, our findings clearly indicate that loss of GluA4 in NPTX2 À/À /NPTXR À/À mice is not related to changes in stargazin.
We also probed whether NPTX2 À/À /NPTXR À/À mice exhibit altered expression of ErbB4, a receptor tyrosine kinase implicated in PVFSI AMPAR expression and localization (Fazzari et al., 2010; Ting et al., 2011 Figure 2I ). This lack of synaptic phenotype in single knockouts is consistent with our prior findings (Chang et al., 2010) and the continued expression of GluA4 in most PVFSIs of NPTX2
or NPTXR À/À mice ( Figure 2E ).
Reduced AMPAR function in PVFSIs is expected to disrupt efficient synaptic recruitment of these cells and thus compromise feedforward perisomatic inhibition, promoting a circuit I/E imbalance in downstream PCs (Pouille and Scanziani, 2001; Gabernet et al., 2005) . To probe whether reduced AMPAR function in NPTX2 slices (inset, Figure 4F ), the altered I/E ratio reflects a reduction in recruited inhibition rather than increased excitatory drive at SC-CA1 synapses. Importantly, total density of PVFSIs was comparable between wild-type and NPTX2 (Fuchs et al., 2007) . This is consistent with the almost complete absence of GluA4 in NPTX2 À/À /NPTXR À/À mice and reinforces the critical role of NPTXs in regulating GluA4 expression to control PVFSI circuit integration. Failure of circuits to effectively recruit PVFSIs and the ensuing I/E imbalance has the capacity to disrupt coherent population activity, since PVFSIs critically entrain PC assemblies (Bartos et al., 2007; Klausberger and Somogyi, 2008) . Thus, we next probed physiological and pathological hippocampal network activity in NPTX2 À/À /NPTXR À/À mice. We first examined the immature hippocampus beginning on postnatal day 6 (P6) when circuit activity is dominated by giant depolarizing potentials (GDPs). GDPs occur spontaneously in immature networks to drive correlated population activity and are paced by depolarizing GABAergic inhibition prior to the onset of mature chloride gradients within PCs (Ben-Ari et al., 2007) . In recordings from CA3 PCs, we reliably observed GDPs in wild-type and NPTX2
À/À / NPTXR À/À mice between P6 and P8 in every PC examined . Then between P9 and P13 the occurrence of GDPs decreased in both genotypes, but with distinct temporal dynamics ( Figure 5C ). In wild-types less than 50% of CA3 PCs exhibited GDPs at P11, and no GDPs were detected beyond this age. In contrast, greater than 50% of the PCs examined in NPTX2 À/À /NPTXR À/À mice still exhibited GDPs at P12, yielding a significant increase in the overall frequency of GDPs across all recordings at P11-P12 ( Figure 5D ). This altered time course of GDPs within the NPTX2 . See also Figure S1 . (legend continued on next page) (Bjartmar et al., 2006; Koch and Ullian, 2010; Gu et al., 2013) , suggesting a general role for synaptic integration of PVFSIs in coordinating circuit maturation. Despite the prolonged developmental window to observe GDPs in NPTX2 À/À /NPTXR À/À mice, other GDP features, including frequency at younger ages, duration, and charge transfer, were comparable to those of wild-type mice, indicating similar synaptic dynamics underlying GDP emergence and pacing in both genotypes ( Figures 5D-5F ). Indeed, GDP frequency in both wild-type and NPTX2 À/À /NPTXR À/À mice was sensitive to modulation by cannabinoid and NMDA receptor tone, as previously reported ( Figures 5G and 5H ) (Ben-Ari et al., 1989; Bernard et al., 2005) . Thus, rather than directly participating in the cellular and synaptic mechanisms that drive GDPs, PVFSIs likely function to terminate the permissive window for GDP generation, perhaps by triggering the establishment of hyperpolarizing chloride gradients following initiation of perisomatic innervation (BenAri et al., 2007) . This model is consistent with pacing of GDPs by dendritic inhibition rather than perisomatic inhibition (Ben-Ari et al., 2007), a feature highlighted by the strong regulation by cannabinoid receptors which likely operate at dendrite-targeting, cholecystokinin-expressing interneurons (Morozov and Freund, 2003; Lee et al., 2010) . Cessation of the critical period for GDP generation in the maturing hippocampus signals a transition from spontaneously internal circuit-generated network activity to mature oscillatory patterns driven by behavior such as sensory processing, spatial navigation, learning, and memory retrieval. Unlike GDPs, pacing of mature network rhythms critically relies upon PVFSI-mediated perisomatic inhibition to entrain PC assemblies, particularly in the gamma frequency range (Bartos et al., 2007; Klausberger and Somogyi, 2008) . To determine whether changes in I/E balance observed in NPTX2 À/À /NPTXR À/À mice alters circuit rhythmogenesis in juvenile mice, we examined carbachol (CCh)-induced gamma oscillations (Mann et al., 2005) . Field recordings in the CA3 PC layer of hippocampal slices revealed that gamma power was markedly impaired in NPTX2 À/À / NPTXR À/À slices compared to interleaved wild-type slices . Consistent with our PVFSI synaptic analyses, gamma power in NPTX2 À/À and NPTXR À/À single knockout mice was comparable to wild-types ( Figures 6C and 6D ). While average peak gamma frequency was similar between the four genotypes ( Figure 6E ), both NPTXR À/À and NPTX2 À/À / NPTXR À/À mice had greater variability in gamma frequency, indicating less stable oscillations ( Figure 6F ). The minor phenotype in the absence of just NPTXR À/À may reflect a small deficit in excitatory drive onto PVFSIs relating to reduced sEPSC frequency in this mouse ( Figure 4D ). To determine whether naturally occurring in vivo oscillations are disrupted in NPTX2 À/À /NPTXR À/À mice, we performed extracellular recordings from hippocampal CA1 in awake, head-fixed mice. Analyses of the local field potential recorded in stratum pyramidale revealed clear episodes of theta and gamma activity during active states in aged-matched wild-type and NPTX2
NPTX2 -/-/NPTXR -/-WT
À/À / NPTXR À/À mice, indicating that these rhythms remain intact in the mutants (e.g., Figures 6G and 6H) . However, examination of the averaged power spectra across all recordings revealed deficient power in the gamma frequency range of NPTX2 À/À / NPTXR À/À mice compared to wild-types ( Figure 6I ). Indeed, further analysis confirmed a significant reduction in peak gamma power of NPTX2 À/À /NPTXR À/À mice that was accompanied by a modest decrease in peak gamma frequency ( Figures 6J and 6K ). In contrast, peak theta power was similar between wild-type and NPTX2 À/À /NPTXR À/À mice, though the mutants exhibited a small reduction in peak theta frequency ( Figures 6L and 6M ). In addition to theta and gamma oscillations, we also observed sharp wave-associated ripple events (SWRs) during periods of quiet wakefulness in wild-type and NPTX2 À/À /NPTXR À/À mice (e.g., Figures 7A and 7B ). These high-frequency oscillations (125-250 Hz) are thought to drive memory consolidation during periods of immobility, consummatory behaviors, and slow wave sleep by allowing rapid network replay of exploratory driven activity patterns over compressed time periods (Buzsá ki, 1986; Foster and Wilson, 2006) . Of particular relevance to the current study, PVFSIs are implicated in coordinating the ensembles of PCs that participate in SWRs (Csicsvari et al., 1999a (Csicsvari et al., , 1999b Ellender et al., 2010) . Indeed, among the hippocampal oscillatory rhythms examined in awake behaving mice, SWRs induce the greatest depth of PVFSI firing modulation (Varga et al., 2012 (Varga et al., , 2014 . Overall, we found that the incidence of SWRs in NPTX2 À/À /NPTXR À/À mice was reduced compared to wild-types ( Figure 7C ). Analysis of individual SWRs using Morlet wavelets (e.g., Figures 7D and 7E ) revealed that SWRs in wild-type and NPTX2 À/À /NPTXR À/À mice had similar durations, peak amplitudes, and peak power, but that SWRs in NPTX2 À/À
/NPTXR
À/À mice were reduced in peak frequency ( Figures 7F-7I ). Importantly, the laminar profiles of sharp waves and associated ripples were normal in NPTX2 À/À /NPTXR À/À mice (e.g., Figures 7A and   7B ), excluding the possibility that the deficits observed related to changes in the depth profiles of the recordings. In general, our in vitro and in vivo network findings are consistent with previous reports that mouse mutants with reduced glutamatergic drive onto PVFSIs display altered hippocampal oscillations (Fuchs et al., 2007; Rá cz et al., 2009; Belforte et al., 2010; Korotkova et al., 2010; Caputi et al., 2012; Carlé n et al., 2012) . In particular, mice with targeted deletion of GluA4 exhibit compromised kainate-induced gamma oscillations in vitro, similar to our observations for CCh-induced gamma oscillations in NPTX2 À/À /NPTXR À/À mice (Fuchs et al., 2007) .
Moreover, ablation of GluA4 selectively in hippocampal PVFSIs reduces SWR occurrence and decreases peak frequency similar to our current findings in NPTX2 Figure 7J ). This habituation phenotype of NPTX2 À/À /NPTXR À/À mice yielded an overall decrease in exploration compared to wild-types throughout the entire session consistent with findings in GluA4 À/À mice (Fuchs et al., 2007) . (legend continued on next page) behavior ( Figure 7L ). Finally, we found that NPTX2
Despite their increased initial locomotion, NPTX2
made significantly fewer correct choices across multiple trials in the rewarded T-maze alternation task, suggesting impaired hippocampus-dependent working memory ( Figure 7M ). This deficit in spatial working memory of NPTX2 À/À /NPTXR À/À mice likely relates directly to the loss of GluA4 within PVFSIs, as several prior studies have reported deficits in working memory following genetic manipulations that compromise PVFSI function (Fuchs et al., 2007; Belforte et al., 2010; Korotkova et al., 2010; Murray et al., 2011; Caputi et al., 2012; Carlé n et al., 2012 ). Previously we found that NPTX2 À/À mice display increased sensitivity to kindling-induced epilepsy (Chang et al., 2010) . As NPTX2 À/À mice cannot homeostatically increase PVFSI GluA4, we postulated that this phenotype reflects failure of NPTX2 À/À circuits to rebalance network I/E dynamics and suppress epileptogenesis early in the kindling protocol. Importantly, NPTX2
À/À mice showed identical initial responses to kindling but diverged from wild-types as the kindling process evolved (Chang et al., 2010) , consistent with normal baseline GluA4 content and circuit integration of PVFSIs in NPTX2 À/À mice. In contrast, the severe basal deficit of PVFSI synaptic recruitment in NPTX2 /NPTXR À/À mice, we monitored hippocampal network activity while challenging slices with a modest increase in extracellular potassium (to 8.5 mM; Traynelis and Dingledine, 1988) . In adult rat slices, this challenge typically promotes spontaneous recurring interictal bursting, with a minority of slices ($20%) progressing to electrographic seizure-like activity comprised of ictal events reminiscent of discharges recorded in vivo during tonic-clonic seizures (Traynelis and Dingledine, 1988) . Similarly, in our recordings wild-type, NPTX2
, and NPTXR À/À slices all consistently exhibited spontaneous interictal bursting within 7-10 min of increased [K + ] o with only a minority of slices yielding ictal events ( Figures 8A, 8C, and 8D ). In contrast, slices from NPTX2
form activity producing spontaneous ictal activity with characteristic tonic and clonic bursts at regular intervals ( Figures 8B and  8D ). Pooling of data across all recordings revealed that ictal frequency is significantly enhanced in NPTX2 À/À /NPTXR À/À compared to wild-type mice, while interictal frequency is significantly lower in NPTX2 À/À /NPTXR À/À due to the excess time spent in ictal discharges ( Figures 8C and 8D ). While data from NPTX2
and NPTXR À/À single knockouts trended toward intermediate phenotypes, slices from these lines were not significantly different from wild-types. Considering our findings of GluA4 loss and deficient synaptic drive in NPTX2 À/À /NPTXR À/À PVFSIs, the increased epileptiform sensitivity of slices from these mice likely stems from deficient recruitment of perisomatic inhibition leading to network hyperexcitability. This interpretation is consistent with evidence that GluA4 mutant mice serve as an animal model of absence epilepsy (Paz et al., 2011) . However, our synaptic findings indicate that despite the reduced circuit integration of PVFSIs in NPTX2 À/À /NPTXR À/À mice these cells still exhibit some capacity for afferent recruitment and once engaged provide efficient GABAergic input to PCs (cf. Figures 4 and 5) . Thus, we reasoned that the epilepsy-like phenotype of NPTX2 À/À /NPTXR À/À mice might be sensitive to an increase in the efficacy of GABAergic tone from the PVFSIs engaged in a blunted fashion during the epileptiform activity. To test this, we utilized the GABA A receptor-positive allosteric modulator indiplon that is selective for alpha1-containing receptors which are preferentially, though not solely, localized postsynaptic to PVFSI inputs (Klausberger et al., 2002; Petroski et al., 2006) . ] o was not disrupted (e.g., Figure 8E ). Rather, indiplon reversal of epileptiform activity likely proceeds by enhancing circuit inhibition, including but not limited to PVFSI-mediated perisomatic inhibition to improve I/E balance. This rescue of the NPTX2
with the ability of optogenetic-mediated recruitment of PVFSIs to arrest spontaneous seizures in vivo (Krook-Magnuson et al., 2013) and further validates PVFSI-mediated inhibition as an effective therapeutic target for disorders precipitated by circuit I/E imbalance. In summary, we have uncovered an essential role for NPTX2 and NPTXR in orchestrating the basic developmental program for synaptic integration and network function of hippocampal PVFSIs. The coincidental temporal relation of NPTX2, NPTXR, and GluA4 expression, combined with loss of GluA4 in NPTX2 À/À /NPTXR À/À mice, suggests these NPTXs regulate PVFSI circuit integration by controlling expression and synaptic localization of GluA4-containing AMPARs. Although GluA4 levels are upregulated in concert with a number of other proteins that are also critical for promoting speed and precision in PVFSI function such as PV, Kv3 channels, Nav1.1 sodium channels, and two-pore domain potassium leak channels (TWIK1 and TASK1/3), our findings suggest normal developmental progression of these other proteins in NPTX2 À/À /NPTXR À/À mice.
Thus, within PVFSIs, pentraxins serve to selectively drive maturation of AMPAR function by facilitating the production of GluA4. Given the reduction in PVFSI sEPSC frequency it is also possible that NPTXs serve a synaptogenic function in PVFSIs and that NPTX2 reductions in synaptic density (Figures S2C-S2J) . Thus, the deficits in NPTX2 À/À /NPTXR À/À PVFSI recruitment relate primarily to reduced AMPAR content at synapses rather than dramatic changes in the numbers of afferents impinging upon PVFSIs. /NPTXR À/À mice made fewer correct choices in a reward alternation task (n = 7 WTs and 11 mutants; main effect of genotype; F 1,16 = 7.7876, p = 0.0131; two-way ANOVA) *p < 0.05 **p < 0.01, ***p < 0.001 versus wild-type. In vivo recordings were performed in P32-P34 mice, and behavior was assessed in P70-P91 mice.
et Sia et al., 2007; Chang et al., 2010) . Interestingly, GluA4 transcription proceeds normally in the absence of NPTX2 and NPTXR. Given the direct association of neuronal pentraxins with the N-terminal domain of GluA4, it is possible that this interaction stabilizes GluA4 to prevent rapid degradation. Alternatively, pentraxins may regulate GluA4 mRNA translation. Future studies into the cellular mechanisms of NPTX-mediated GluA4 regulation will be necessary to resolve these possibilities. Concerning the sources of NPTX2 and NPTXR for regulating PVFSI GluA4, evidence to date implicates presynaptically derived NPTXs in driving synaptic AMPAR accumulation (Chang et al., 2010; Sia et al., 2007) . While NPTX2 is secreted, the transmembrane domain of NPTXR may serve to anchor NPTX complexes at presynaptic terminals innervating PVFIs. Such heterocomplexes may then be released to interact with postsynaptic PVFSIs following activity-dependent cleavage of NPTXR by extracellular matrix metalloproteases (Cho et al., 2008 ). An alternate possibility would place NPTXR in the postsynaptic membrane of PVFIs to bind presynaptically derived NPTX2. However, while activity-dependent NPTX2 expression has recently been demonstrated in somatostatin interneurons (Spiegel et al., 2014) , NPTX expression has not yet been localized within PVFIs. Previously, NPTX2 alone was implicated in homeostatic adaptations in GluA4 levels and AMPAR function (Chang et al., 2010 in PVFSI AMPAR function, yielding a circuit with reduced feedforward inhibition and disrupted network oscillations and that is prone to epileptiform activity. In association with these circuit changes, NPTX2 À/À /NPTXR À/À mice exhibited increased anxiety-like behavior as well as deficits in exploration and spatial working memory. These cellular, network, and behavioral deficiencies are similar to findings in GluA4 mutants (Fuchs et al., 2007; Paz et al., 2011) , indicating that the reduction of GluA4 in NPTX2 À/À /NPTXR À/À mice is sufficient in magnitude to phenocopy mice with targeted deletion of GluA4. Our current findings extend the role of NPTXs to coordinating the basic synaptic developmental program of PVFSIs, and reveal the essential role of NPTXs in controlling hippocampal network properties. The restricted expression of GluA4 to PVFSIs, combined with the selective synaptic regulation by NPTXs, points to the importance of these targets for understanding and treating disorders associated with I/E imbalance due to PVFSI dysfunction.
EXPERIMENTAL PROCEDURES
Detailed experimental procedures are provided in Supplemental Information.
IHC, Cell Culture, and Postembedding EM Fixed brains from mice P2-P60 were removed, cryoprotected, and sectioned, then stained for the indicated proteins with visualization either using fluorescently labeled secondary Abs or through immunoperoxidase labeling. Images of the stained sections were obtained, and labeled cells were manually counted, with the results converted to cell-density measurements. Hippocampal cell cultures were prepared from P0-P5 mice, and fixation and staining were performed after 15-30 days in vitro. Postembedding immunogold EM was performed on tissue from 2-month-old mice with excitatory synapse density and synaptic GluA4 content evaluated in PV immunopositive processes.
Biochemistry, qPCR, and ISH Western blot analyses were performed on hippocampal synaptosomes and membrane fractions or cerebellar lysates obtained from P22-P30 mice as indicated. For quantification, densitometry of protein bands of interest was normalized to that of b-actin. Immunoprecipitations were performed from SPM fractions run through GluA4-conjugated beads. qPCR was carried out on P20 hippocampi using a StepOne instrument from Applied Biosystems, and target gene levels were normalized to the endogenous control gene gadph. ISH was carried out on fresh frozen sections from P30 mice using the RNAscope Fluorescent Multiplex kit (Advanced Cell Diagnostics Inc.).
Electrophysiology and Behavior
Whole-cell patch recordings from PVFSIs and CA1/CA3 pyramids were performed in submerged hippocampal slices from P5-P30 mice to evaluate PVFSI synaptic/intrinsic/spiking properties, feedforward inhibition, and GDPs as indicated. For in vitro gamma oscillations and epileptiform activity, CA3 local field potentials (LFPs) were recorded in slices maintained in an interface chamber. In vivo recordings were performed in awake head-fixed mice (P32-P34) using a 32 channel electrode inserted into the hippocampus through a craniotomy to monitor CA1 LFPs. For behavior, adult mice (10-13 weeks old) were assessed for novelty-induced locomotor activity in a novel square arena, anxiety-like behavior in an elevated O-maze, and spatial working memory using rewarded alternation in a T-maze. 
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